The aim of this study was to assess the association between resting heart rate (HR), chronotropic index (CI), and clinical outcomes in optimally treated chronic heart failure (HF) patients on b-blocker therapy.
Introduction
An increased resting heart rate (HR) is associated with increased cardiovascular (CV) risk and mortality in patients with chronic heart failure (HF). 1 Thus, reducing resting HR, usually with b-blocker therapy and additionally with ivabradine, has become an important therapeutic goal. 2, 3 In addition to resting HR, HR reserve during exercise or chronotropic index (CI) is used to assess the risk of ischaemia and to prescribe exercise training intensity. An impaired chronotropic response is believed to reflect, in part, an underlying abnormality of autonomic nervous system function. 4 The concept of impaired chronotropic response was initially developed for apparently healthy subjects not taking b-blockers, with a lower CI serving as a predictor of coronary artery disease (CAD) and mortality. 5 -7 Chronotropic index is defined as the index of HR reserve used. The latest studies defined chronotropic incompetence as a value of ≤0.62 in patients on b-blockers. 8 Indeed, in patients with CAD taking a b-blocker agent, chronotropic incompetence was found to be a predictor of mortality, independent of resting HR. 8 In contrast, in studies of chronic HF patients taking b-blocker agents, chronotropic incompetence was not found to be a clinical predictor of mortality, but these studies were of limited size, were performed in observational settings, and only two-thirds of patients were on b-blockers. 9, 10 Thus, the prognostic value of chronotropic incompetence in optimally treated HF patients on b-blocker therapy is not clear. The Heart Failure and A Controlled Trial Investigating Outcomes of Exercise TraiNing (HF-ACTION) study was a prospective trial conducted in patients with chronic HF where a cardiopulmonary exercise (CPX) test was performed. 11, 12 Patients were on stable guideline-based pharmacotherapy for at least 6 weeks prior to randomization. In this study, we aimed to assess the association between resting HR, CI, and clinical outcomes in patients with chronic HF enrolled in the HF-ACTION trial.
Methods
The design and subject eligibility criteria of the HF-ACTION trial have been published elsewhere. 11, 12 HF-ACTION was a prospective multicentre, randomized, controlled trial of exercise training vs. usual care in patients with left ventricular ejection fraction (LVEF) ≤35% and New York Heart Association (NYHA) class II -IV symptoms. Overall, 2331 patients from 82 clinical sites were enrolled in the study. Patients were on stable guideline-based pharmacotherapy for at least 6 weeks prior to randomization. If patients were not treated with optimal HF pharmacological treatment as defined by guidelines, the personnel documented the underlying reason (e.g. drug intolerance or patient preference). Overall, 2329 of 2331 patients performed a CPX test at baseline.
Exercise testing
Subjects were scheduled to complete a symptom-limited maximum exercise test, in accordance with American College of Cardiology and the American Heart Association guidelines. Subjects were instructed to take their medications as prescribed on the day of testing, with a specific request that they take their b-blocker agent between 3 and 10 h before the test. The primary mode of testing was a treadmill. However, a stationary cycle ergometer was used for 108 patients unable to walk on the treadmill or tested at sites that routinely used this modality for exercise testing. Site testing personnel were instructed to exercise patients to symptom-limited maximum. Resting HR was measured prior to testing, after 2 min of seated rest. Peak HR represented the highest HR achieved during the last minute of exercise. To help control for the potentially different effects of various b-blocker agents on peak HR, b-blocker doses were converted to equivalent doses of carvedilol based on dosing from clinical trial data and published studies evaluating the conversion of b-blocker agents. 13, 14 For this study, we included patients in sinus rhythm who received a b-blocker and who demonstrated maximal effort on the CPX test. Patients with a history of pacemaker or bi-ventricular pacemaker were excluded.
Chronotropic index
Chronotropic index (CI) was defined as an index of maximal predicted HR reserve achieved. Heart rate reserve is the difference between maximum age-predicted HR and HR at rest. We used two different formulas for the maximum age-predicted HR. We used the traditional maximum HR formula defined for healthy populations by Astrand et 
Outcomes
Consistent with the main HF-ACTION trial, the primary outcome in this analysis was a composite of all-cause mortality or all-cause hospitalization. We also assessed the association between CI and the secondary outcomes of all-cause mortality, CV mortality or CV hospitalization, and CV mortality or HF hospitalization.
Overall, 1118 patients fit the revised inclusion criteria. Models including only baseline variables used the entire sample of 1118 patients and the sample size was reduced for multivariable modelling due to missing values in covariates.
Statistical analysis
Clinical characteristics are summarized using median (25th, 75th percentile) for continuous variables and number of patients for categorical variables. The relationships between baseline resting HR, CI, and continuous variables are displayed using Spearman correlation coefficients.
Cox proportional hazards models were fit to assess the association between baseline resting HR, CI, and clinical outcomes. The linearity assumption of a Cox model was checked for baseline resting HR and the two CI measures, for each of the four endpoints of interest. When deviations were found, linear splines or variable truncations were used. Hazard ratios correspond to a 0.1 unit change in the CI.
Multivariable analyses used adjustment models that were previously developed based on HF-ACTION baseline data. 17 The models used in this paper were developed with the same methodology as the originally published predictive models by O'Connor et al. 17 The slight difference between the models in the original article and the ones used here is due to the distinction between models for the purpose of prediction and models for the purpose of adjustment. Medication dosing variables and variables like region are appropriate in adjustment models but not in predictive models. Thus the list of potential variables for the adjustment model used in this study was slightly larger than the list of potential variables for the model published by O'Connor et al.
The final adjustment models were derived using backward selection of 61 potential covariates in 200 bootstrap samples for each of 5 imputed datasets (variables that were candidates for inclusion are presented in the Appendix). Treatment (exercise) was a candidate for entry in all models, but it was not used in the final adjustment models because it was not a strong predictor of any of the outcomes. Also, b-blocker dose was a candidate for entry in all models, but it remained significant only in the all-cause death model. The same methodology was followed for each endpoint.
To confirm that the models are appropriate for the subset of patients used in this paper, we fit the models in our subset of patients and saw that C-indices were about the same as those reported in the entire HF-ACTION population. The final covariates used for adjustment are presented for each endpoint within the results section (Tables 1-6 ). Since different covariates were used for final adjustment, when Cox models were fit with the inclusion of the adjustment model covariates, the number of patients with complete data for all covariates ranged from 813 to 933.
Data were analysed using SAS version 9.2.
Sensitivity analysis
The final adjustment models developed in the HF-ACTION data included among the covariates WEBER class (as a categorized version of peak VO 2 ), creatinine, and b-blocker dose (for the allcause mortality or hospitalization model). However, as a previous study found (continuous) peak VO 2 and not CI as a predictor of outcomes, 10 and given the fact that not all the patients used the same exercise test in our study, as well as given the importance of b-blocker dose, we performed a sensitivity analysis in which models were adjusted for peak VO 2 instead of Weber class or CPX duration, all models were adjusted for b-blocker dose, and for eGFR instead of creatinine.
Results

Characteristics of patients
The baseline characteristics and correlations with baseline resting HR and CI are presented in Tables 
Cox univariable and multivariable analysis
All-cause mortality or hospitalization (primary outcome) The patients were followed up for the primary outcome for a median of 32 (21, 44) months. Overall, 692 (62%) of patients reached the primary endpoint. Both resting HR and CI were linearly related to the primary outcome in the univariable analysis (data not shown). In the univariable model including resting HR, a 5 b.p.m. increase in resting HR was associated with an increase in the hazard for death or hospitalization of 4% (hazard ratio 1.04; 1.01-1.08; P ¼ 0.007). In the univariable model including CI, a 0.1 decrease in the CI was associated with an increase in the hazard for all-cause death or hospitalization (hazard ratio 1.09; 1.05-1.13; P , 0.001). Similarly, when CI was dichotomized at the previously defined cut-off of 0.62, a CI of ≤0.62 was associated with a 26% increase in the hazard for all-cause mortality or hospitalization (hazard ratio 1.26; 1.08-1.47; P ¼ 0.004).
When only resting HR and CI were included in the model, both were significantly associated with the outcomes. However, when the adjustment model covariates were included in the model, resting HR and CI were not significantly associated with the primary outcome. Results were similar for each definition of CI with resting HR showing a trend towards significance (all P , 0.08) and CI being non-significant (all P . 0.72) in each model ( Table 3 ).
All-cause mortality During follow-up, 151 (14%) patients died (all-cause mortality). As opposed to the primary outcome, a non-linear relationship was found between CI and the risk of all-cause mortality ( Figure 1 ). Figure 1 shows that when CI was modelled as a linear variable, the risk of event decreased as the CI increased but only until CI reached 0.6. Above 0.6, the risk was roughly constant. As such, the variable was modelled as linear ,0.6 and constant .0.6. Overall, 666 of 1118 (60%) patients had a CI of ,0.6. From the patients with a CI of ,0.6, 427 patients (64%) had a CI of 0.4 -0.59, 214 patients (32%) had a CI of 0.2 -0.39, and 25 patients (4%) had a CI of ,0.2. The linearity assumption was preserved for resting HR and for CI when computed using the equation from Keteyian et al. (data not shown).
In the univariable model including CI as a linear variable, each 0.1 unit decrease in CI ,0.6 was significantly associated with an increased risk of all-cause mortality (hazard ratio 1.48; 1.33-1.65; P , 0.001). In the multivariable model including resting HR, CI, and the adjustment model covariates, each 0.1 unit decrease in CI ,0.6 was associated with an increased risk of all-cause mortality (hazard ratio 1.17; 1.01 -1.36; P ¼ 0.036) ( Table 4 CI of ≤0.62 was not significantly associated with the outcome (P ¼ 0.6). However, as shown in Figure 1 and as expected in a linear relationship, the risk of all-cause mortality increased proportionally in patients with a CI of ,0.6, and it was particularly elevated in patients with a CI of ,0.4. A decrease in CI Keteyian was not associated with the outcome (P ¼ 0.085).
Cardiovascular mortality or cardiovascular hospitalization
Results for the CV mortality or CV hospitalization endpoint are similar to the results for the primary end-point. The linearity assumption was not rejected for resting HR and for the CI variables. In the multivariable models, none of the CI variables or resting HR were associated with the outcome (Table 5) .
Cardiovascular mortality or heart failure hospitalization In this model, a non-linear relationship was also observed between the CI and the outcome, also in the sense that a decrease in CI ,0.6 was associated with a worse outcome. In addition, a similar non-linear relationship was observed for the CI Keteyian, i.e. a decrease in CI ,1.1 was associated with a worse outcome (data not shown). Overall, 753 of 1112 (68%) of patients had a CI ,1.1.
In adjusted models ( Table 6) , measures of CI remained significantly associated with the outcome, e.g. for each 0.1 decrease ,0.6 in CI, hazard ratio 1.13; 1.02-1.26, P ¼ 0.025. For CI Keteyian, for each 0.1 decrease , 1.1, hazard ratio 1.07; 1.01-1.13; P ¼ 0.033. Similar to previous outcomes, when CI was modelled as a binary variable, a CI of ≤0.62 was not significantly associated with the outcomes. 
Sensitivity analysis
Results were similar when the models were adjusted for continuous peak VO 2 instead of Weber class or CPX duration, when each model was adjusted for the b-blocker dose, and when all-cause death model was adjusted for eGFR instead of creatinine (data not shown).
Discussion
In this study, we assessed the association between resting HR, CI, and clinical outcomes in patients with systolic HF (LVEF , 35%) receiving optimal b-blocker treatment. In multivariable Cox model including resting HR and CI as continuous variables, neither was associated with the primary outcome of all-cause mortality or hospitalization. In contrast, a lower CI over the range 0-0.6 was associated with a higher risk of all-cause mortality and a higher risk of CV mortality or HF hospitalization. Similar results were shown when CI was determined using the formula by Keteyian et al. When CI was modelled as a dichotomous variable, a CI of ≤0.62 was not significantly associated with clinical outcomes. An impaired HR response to exercise or so-called chronotropic incompetence in healthy subjects is predictive of CAD and mortality. 6, 7 In men without a history of myocardial infarction or revascularization, of whom only 24% were taking b-blockers, angiographic CAD was substantially more common in the presence of chronotropic incompetence regardless of whether or not b-blockers were taken. 18 In patients with established CAD or at risk for CV disease not taking b-blockers, chronotropic incompetence was also an important predictor of cardiac death and all-cause mortality. 7, 19, 20 In these studies, chronotropic incompetence was defined as either (i) low percentage (,85%) of the age-adjusted maximum HR, e.g. (220 2 age) or (ii) low (,80%) CI, a measure that accounts for both peak and resting HR as well as age, e.g. (peak HR 2 resting HR/(220 2 age) 2 resting HR). However, when using the formula of (220 2 age) that was originally developed in apparently healthy populations, it has been pointed-out that the cut-off of impaired chronotropic response may differ according to both the population included and the use of b-blocker agents. Indeed, in patients with CAD taking b-blocker agents, Kahn et al. 8 found a non-linear relationship between CI and the risk of all-cause mortality, but with an apparent threshold present 70% in continuous analysis. In our continuous analysis, an apparent threshold was present 60%, and the risk was substantially increased at a CI of ,40%. Our data support the notion that the presence of HF causes a left-shift of the relationship, which would be understandable given the disease characteristics.
In patients with HF receiving optimized b-blocker treatment, Carvalho et al. 21 pointed out that a peak HR over 65% of the maximum age-adjusted value could be considered an effort near the maximum. Indeed, in the HF population, HR reserve may depend on chronotropic incompetence, but also on the degree of b-blockade, on patient motivation, as well as on another unidentified factor related to the disease itself. However, in previous studies of chronic HF patients, chronotropic incompetence was not found to be a clinical predictor all-cause mortality, but these studies were limited in size, were performed in observational settings, and not all the patients in these studies were on b-blocker therapy.
9,10
Chronotropic incompetence is believed to reflect, at least in part, a desensitization of the b-adrenergic receptors in the failing heart. This may lead to a decrease in b-agonist-stimulated muscle contractility. 6, 22 Sinus or atrioventricular node dysfunction, probably also a consequence of diminished sympathetic responsiveness and sinus node remodelling, was also mentioned as a possible cause. 23, 24 However, as the association between chronotropic incompetence and mortality is independent of exercise-induced myocardial perfusion defects and cardiac death, it has been pointed out that autonomous nervous system dysfunction could be the underlying cause of chronotropic incompetence and may lead to adverse outcomes via multiple pathways. 16 -18 This may also explain why in our study we particularly found an association between impaired chronotropic response and all-cause mortality.
In patients with HF, high sympathetic drive at rest is associated with adverse outcomes and b-blocker therapy has been shown to improve outcomes, coincident with a decrease in resting HR. 2 Whether HR reserve would provide additional information about prognosis independent of resting HR in this specific population is therefore clinically relevant. Importantly, our results suggest that, in optimally treated HF patients, a CI decreasing below 0.6 is associated with adverse clinical outcomes, independent of resting HR. This finding is also relevant because a large proportion (60%) of patients in our cohort had a CI of ,0.6.
Our results are in contrast with the two published studies on the topic, 9,10 but the advantage of our study is the higher sample size and the optimized b-blocker therapy. The b-blocker dose was not specified in the previous HF studies. 9, 10 The median equivalent dose of b-blocker used in this study was 50 (25-50) mg (carvedilol equivalents). This dose is relatively high and reflects diligent attention to medical therapy. Interestingly, however, resting HR and not CI showed a trend towards a significant association with the primary outcome of all-cause mortality or hospitalization, and with CV mortality or hospitalization. Whether indeed resting HR and chronotropic response at exercise may impact clinical outcomes differently warrants further exploration. Our results have several clinical and methodological implications. First, the study shows that the assessment of CI is important for risk stratification and possibly a different management strategy in HF patients who present an impaired CI despite optimal therapy. Endurance exercise training may improve chronotropic function in patients with chronic HF, probably by increasing baroreflex sensitivity and reducing sympathetic outflow and plasma levels of neurohormones. 25 Rate-adaptive pacing, in conjunction to cardiac resynchronization therapy, has also been shown to increase peak HR and exercise time, particularly in patients with severe chronotropic incompetence, but this therapy requires further invesitigation. 26 Secondly, we found that a decrease in CI ,0.6 is associated with adverse clinical outcomes in this specific HF population, but this association was not observed when the CI was dichotomized (CI ≤ 0.62). This may be explained by the loss of information when transforming a variable from continuous to categorical. Finally, we presented another formula, one that incorporates work previously published by Keteyian et al. that may be used for assessing CI in patients with HF treated with a b-blocker.
There are several strengths and limitations for our study. The major strength is the use of a database of HF patients on optimized b-blocker therapy who performed a maximal CPX test. To our knowledge, this is among the few studies that explore the prognostic value of chronotropic response in this population, using several clinical outcomes. Both the CPX test and functional assessments were performed within a carefully defined trial protocol. A limitation is that we used post hoc, observational data and, as a result, unmeasured confounding variables may account for some or all of the observed relationships. Another limitation of our study may be the use of a stationary cycle ergometer instead of treadmill in 108 patients unable to walk on the treadmill or tested at sites that use this modality for exercise testing.
In conclusion, we observed that a decrease in CI , 0.6 was associated with all-cause mortality and with CV mortality or HF hospitalization but not with the primary outcome of all-cause mortality or hospitalization in optimally treated HF patients. Obtaining a better HR response to exercise, even in patients receiving optimized b-blocker therapy, may be a therapeutic target in the HF population.
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